Introduction
Pulmonary hypertension (PH) is a chronic and rapidly progressive disease with survival rates comparable to primary lung cancer. 1 Hyperactive cell signaling promotes PH in animal models and in human disease, in part through unbalanced vascular remodeling of the pulmonary arterial smooth muscle compartment. 2 Endothelin-1 (ET-1), via interactions with endothelin receptor A (ETA), stimulates pulmonary arterial smooth muscle cell proliferation and vasoconstriction and contributes to PH. 3 Transcription factor regulator cell homolog of the vmyc oncogene (cMyc) controls genes that regulate cell growth. 4, 5 However, the processes that drive hyperactive ET-1 signaling, as well as the role of cMyc, in PH remain to be fully determined. Thrombospondin-1 (TSP1) is a secreted glycoprotein that modifies cell responses through binding to matrix, growth factors and a number of cell receptors including integrins, CD36, and CD47. [6] [7] [8] TSP1 is upregulated in experimental PH 9 and in hypoxic pulmonary arterial smooth muscle 10 and endothelial 9 cells. Conversely, mice lacking TSP1 are resistant to hypoxia-mediated PH and display decreased smooth muscle cell hyperplasia in the pulmonary vasculature. 9 ,11 TSP1 stimulates migration and proliferation of arterial smooth muscle cells 12 while hypoxic TSP1 À/À pulmonary arterial smooth muscle cells display a migration defect. 10 We have shown that TSP1 is a high affinity ligand for receptor CD47 13 and CD47 is widely expressed on both systematic and pulmonary vascular cells. 14 TSP1 on binding and activation of vascular CD47 limits nitric oxide signaling 15, 16 and blood flow. 17, 18 However, it is not known through which receptor TSP1 acts to promote PH or if this has functional implications in human pulmonary vessels. We tested the hypothesis that TSP1-CD47 signaling contributes to vasculopathy in clinical PH. Employing lungs and distal pulmonary arteries (PAs) from individuals with and without PH we show that the TSP1-CD47 signaling is induced in human PH together with activation of ET-1/ ETA and that this contributes to a loss of vasodilator sensitivity and increased vasoconstrictor response in pulmonary vessels. Furthermore, a CD47 blocking antibody improved vasodilation in PAs from patients with end-stage PH. Findings in human lungs and vessels were confirmed in animal models of PH and in pulmonary vessels and vascular cells from the same. This study finds a novel role for maladaptive TSP1-CD47 signaling in clinical PH to promote vasculopathy and vascular dysfunction through inhibition of vasodilation and potentiation of vasoconstriction and provides mechanistic insight identifying the TSP1-CD47 axis as a proximate regulator of pulmonary ET-1.
Methods
Detailed information on the materials and methods used in this study is provided in the supplementary data.
Animal studies
All studies were performed under a protocol approved by the University of Pittsburgh Institutional Animal Care and Use Committee ), catalogue numbers 00664, 006141, and 003173, respectively, were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Male Sprague-Dawley rats were obtained from Harlan (Indianapolis, IN, USA).
Human tissue studies
Use of human tissues was within ongoing IRB or CORID approved protocols (970946, PRO14010265, and CORID No. 300) at the University of Pittsburgh Medical Center and conformed to the Declaration of Helsinki. Informed consent was obtained as part of the ongoing protocols. Tissue samples were characterized as non-PH or PH based on one or more of the following: diagnosis, clinical history, and cardiopulmonary findings ( Table 1) .
Cell cultures
The rat fibroblast cell line transfected with a conditional cMyc construct (rat-1a cMyc/ER) was kindly provided by Dr. Edward Prochownik (University of Pittsburgh). Control rat-2 fibroblasts were purchased from Sigma Aldrich (St. Louis, MO). Human pulmonary arterial smooth muscle cells (PA VSMC) and endothelial cells (hPAEC) were purchased from Lonza (Basel, Switzerland) and grown in proprietary medium. Primary murine pulmonary vascular cells were harvested from lungs of WT, TSP1
À/À , and CD47 À/À mice as adapted from Marelli-Berg et al.
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For some experiments, cells were weaned from serum and growth factors and subjected to hypoxia (O 2 1%, 24 h) with or without CD47 blocking antibody (1 mg/ml).
Rodent models of PH
Male age matched WT, TSP1 À/À and CD47 À/À mice were placed in a hypoxia chamber and exposed to short-term (FiO 2 10%, 24 h) or, in the case of WT and CD47 À/À mice, chronic hypoxia (FiO 2 10%, 3 weeks).
Mice maintained in room air served as controls. As previously published, 9 male Sprague-Dawley rats were treated with monocrotaline (mct, 50 mg/kg) with or without a CD47 blocking antibody (clone OX101, 0.4 mg/g body weight) administered on day 14 following mct-challenge. On day 28, animals underwent cardiopulmonary phenotyping.
Hemodynamic and ventricular weight measurements
Animals were anesthetized with a mixture of 5% isoflurane and 95% O 2 titrated to effect. A 1.2F Transonic catheter (Transonic Science Inc., Ottawa, CA) was inserted into the right and left ventricles and cardiopulmonary parameters were measured with EMKA software monitoring equipment (EMKA Technologies, Falls Church, VA). Ventricular tissue was isolated by the same experienced operator and weighed.
Rodent lung histology
Lungs were flushed and then fixed with 4% paraformaldehyde under standardized inflation pressure, paraffin embedded and sectioned (4 mm), and stained for a-smooth muscle actin (Abcam, Cambridge, UK). For pulmonary vascular morphometric studies, images of peripheral arterioles (50-100 lm diameter) were captured with a Nikon Eclipse E 800 microscope. 
siRNA transfection

Protein expression
Tissue lysates were subjected to Western analysis. Protein was resolved by SDS-PAGE and transferred onto nitrocellulose or PVDF membranes. Blots were probed with primary antibody to the respective proteins and were visualized after incubation in secondary antibody on an Odyssey Imaging System (Licor, Lincoln, NE).
Real-time PCR
Total RNA was extracted using Qiagen RNeasy V R Mini Kits (Qiagen, Hilden, Germany) with on-column DNase digestion. RNA was reversetranscribed using Superscript III First Strand Synthesis Supermix (Invitrogen). cDNA was amplified using Platinum V R PCR SuperMix-UDG (Invitrogen). Details regarding primers and cycle conditions are provided in the supplementary material online.
ELISA
TSP1 and ET-1 ELISAs (R&D, Minneapolis, MN; Cusabio, Wuhan, China, respectively) were performed according to the manufacturer instructions.
Immunofluorescence
Distal PAs in OCT were sectioned (5 mm); cells were grown on 35-mm plates. Samples were fixed in ethanol, blocked with 5% goat serum or 1% bovine serum albumin in PBS, incubated with relevant primary antibody overnight, followed by washing with PBS, addition of secondary antibody and DAPI staining. Samples were fixed with 4% paraformaldehyde and coverslipped with Gelvatol mounting medium. Fluorescent images were captured with a Nikon Eclipse E 800 microscope. Antibody details are provided in the supplementary material online.
2-Pin pulmonary artery myography
Myography of PAs was performed as previously published 20, 21 with minor modifications. Rat main or human 5th-order PAs were mounted on myograph pins (Danish Myo Technology, Atlanta, GA). Vessels were brought to an optimal resting tension and viability was ascertained by a response to potassium chloride. Phenylephrine (PE; Sigma-Aldrich, St Louis, MO) concentration-response curves were generated. Vessels were then contracted with an EC 80 of PE and vasodilation to acetylcholine (Ach) and sodium nitroprusside (SNP) tested (both Sigma Aldrich). For drug responses, vessels were pre-incubated with TSP1 (2.2 nM), ET1 (0.5 mM), or a CD47 blocking antibody (clone B6H12, 1 mg/ml) followed by a dose response curve for Ach, SNP or ET-1.
Fluid-filled pressure pulmonary artery myography
Murine PAs were isolated, cannulated and pressurized to 20 mmHg in a Danish MyoTechnology (DMT) pressure myograph and perfused with myography buffer at 37 C. TSP1 (2.2 nM) was added were noted to both the lumen and bath of the artery. Potassium chloride was added to test vessel constriction and acetylcholine to test endothelial function. Arteries were treated with log doses of Ach, SNP, and ET-1. The maximum vessel diameter was measured by incubating the artery in calciumfree myography buffer supplemented with ethylene glycol tetraacetic acid and SNP. Quantification of artery diameter was performed using DMT vessel acquisition software and data are expressed as the percentage of initial diameter.
Statistics
Results are presented as mean 6 SD. Figure 1A and B). More specifically, in distal 5th-order PAs from end-stage PH lungs, TSP1, CD47 protein, and TSP1 mRNA levels were upregulated compared with control non-PH vessels ( Figure 1C -E) whereas CD47 mRNA levels were decreased ( Figure 1E ). Immunofluorescent staining of distal 5th-order PAs from individuals with PH confirmed widespread TSP1 and CD47 expression throughout the vessel wall including the smooth muscle cell layer and adventitia concurrent with significant tissue remodeling ( Figure  1F ). In contrast, in control non-PH vessels TSP1 was undetectable and CD47 minimally expressed ( Figure 1F ). Bias-reduced logistic regression analysis 26 of this cohort (see Table 1 for demographics) determined statistically significant positive relationships (P < 0.05) between both parenchymal and pulmonary arterial TSP1 protein expression and PH, and to some extent pulmonary arterial CD47 protein expression and PH (P ¼ 0.058) (Supplementary material online, Figure 1 ). We reported that animals lacking CD47 had lower expression of pulmonary ET- 1. 20 Together with new data herein these findings suggested the hypothesis that TSP1-CD47 signaling regulates pulmonary ET-1. ET-1 and ETA protein and transcript were upregulated in the pulmonary parenchyma in PH compared with non-PH samples, while in 5th-order PAs ETA, but not ET-1 protein and ET-1 mRNA were significantly increased and ETA mRNA levels decreased ( Figure 1A -E). Accumulation of pulmonary extracellular matrix is noted in clinical PH 27, 28 and TSP1
promotes experimental pulmonary 29 and human fibrosis. 30 Interestingly, transcript levels of ColIa1, ColIIIa1, and ColIVa1 and TEM8 (a stimulator of vascular cell-collagen interactions 31 ) were also elevated in PH vessels compared to non-PH vessels ( Figure 1F) .
It was not known if the findings of PH-associated upregulation of TSP1 and CD47 had any functional consequences in the human pulmonary vasculature. To test this we studied distal 5th-order PAs from human PH and non-PH lungs. Vessels from control non-PH lungs were sensitive to acetylcholine (Ach, an activator of endothelium that increases nitric oxide production)-and sodium nitroprusside (SNP, a nitric oxide prodrug)-stimulated vasodilation and phenylephrine (PE)-stimulated vasoconstriction ( Figure 1G) . In loss-of-function experiments, treatment of non-PH control PAs with TSP1 (2.2 nM, a concentration we reported occurs in the blood of individuals with vascular dysfunction 24 ) decreased SNP-stimulated vasodilation (EC 50 1 .04 Â 10 À9 versus 8.47 Â 10 À9 , respectively, Table 2 ). In gain-of-function experiments, pre-treatment with a CD47 antagonist antibody (clone B6H12, 1 mg/ml) that disrupts TSP1-CD47 signaling, 13 limited the inhibitory effect of TSP1 and improved SNP-stimulated vasodilation (EC 50 8.47 Â 10 À9 versus 1.24 Â
10
À8
, respectively, Table 2 ) ( Figure 1H ). Furthermore, treatment of control non-PH PAs with TSP1 (2.2 nM) enhanced ET-1-mediated vasoconstriction ( Figure 1H ). Diseased vessels from human PH lungs, which we now find have widespread overexpression of TSP1 and CD47 (see Figure  1F ), were significantly less sensitive to SNP-(EC 50 8 .98 Â 10
À9
, Table 2 ), although not Ach-(EC 50 6 .2 Â 10
À8
, Table 2 ) ( Figure 1I ), mediated vasodilation as compared with non-PH control vessels (compare with Figure  1G ). Importantly from a therapeutic perspective, treating diseased PAs from individuals with end-stage PH with the CD47 antagonist antibody improved both Ach-and SNP-mediated vasodilation (EC 50 2.01 Â 10 À8 and 3.9 Â 10 À9 , respectively, Table 2 ) ( Figure 1I ).
Absence of CD47 protects from hypoxia-mediated PH
To further test the importance of CD47 in transducing pulmonary TSP1 signaling, we employed a rodent model of PH. Twelve-week-old male WT (CD47 þ/þ ) and CD47 À/À mice were challenged with 3 weeks of hypoxia (FiO 2 10%) followed by cardiopulmonary phenotyping. Hypoxic WT mice displayed increased RV maximum systolic pressure (RV max SP), RV-free wall weight and Fulton index compared with hypoxic CD47 À/À mice ( Figure 2A ). RV max SP is recognized as a surrogate for pulmonary artery systolic pressure 32 and is preferred when catheter advancement into the main PA can be problematic in the hypertrophied murine heart. RV end-diastolic pressure, as an indicator of RV dysfunction, 33 was significantly elevated in hypoxic WT mice and was not significantly elevated in hypoxic CD47 À/À animals but did not reach significance ( Figure 2A ), whereas RV ejection fraction and contractility index were equivalent between strains and treatment groups ( Figure 2B ). WT mice experienced a loss of body weight in response to chronic hypoxia that was not found in CD47 À/À animals ( Figure 2C ), while tibia length was not different between strains or treatment groups ( Figure 2C ). Importantly, pulmonary arterial thickening, as a maker of PH-related vascular remodeling, was significantly greater in lungs from hypoxic WT compared with CD47 À/À mice ( Figure 2D and E).
TSP1-CD47 signaling is required for hypoxia-mediated induction of pulmonary ET-1/ETA
To interrogate the kinetics of TSP1-CD47 signaling in our PH model, we exposed WT, TSP1 À/À , and CD47 À/À mice to short-term hypoxia (FiO 2 10%, 24 h). Pulmonary TSP1 protein and mRNA, but not CD47 mRNA, were rapidly increased in hypoxic WT lungs ( Figure 3A ), indicating that pulmonary induction of TSP1-CD47 signaling precedes development of PH-related vascular remodeling and cardio-pulmonary dysfunction. Both ET-1 and cMyc are important regulator of cell growth, 34, 35 and while cMyc is known to regulate other genes, a role for cMyc in PH has not been previously suggested. We hypothesized that TSP1-CD47 signaling dysregulates cMyc and thus ET-1 to promote PH. To test this we again challenged mice with chronic hypoxia (FiO 2 10%, 3 weeks) and assessed protein and mRNA levels of relevant genes. Lungs from chronically hypoxic WT mice displayed increased TSP1, CD47, ET-1, and decreased cMyc protein expression, and increased TSP1, CD47, ET-1, and ETA mRNA, and decreased ETB mRNA compared with lungs from normoxic WT mice ( Figure 3B -D and Supplementary material online, Figure 2 ). cMyc mRNA levels were low in normoxic WT lungs and although they trended lower with hypoxia the change was not significant Representative blots are demonstrated. Densitometry analysis of (A) parenchyma and (D) vessels is presented as mean 6 SD (n ¼ 4-8 normal and 5-15 PH samples). *P < 0.05, **P < 0.01, ***P < 0.001. (B) mRNA expression of TSP1, CD47, cMyc, ET-1, and ETA in parenchyma and (E) 5th-order PAs from normal (non-PH) and PH human lungs. Representative data from n ¼ 5 normal and n ¼ 8 PH lungs is presented. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) Immunofluorescent staining of 5th-order PA vessels from normal and PH lungs. TSP1 and CD47 are stained red and green, respectively. Original magnification Â10; scale bar 200 lm. Blinded quantitative analysis of intensity of staining was performed and presented as mean 6 SD, n ¼ 5-7 patients per group; for each tissue section the hpf was divided into three to six approximately equal quadrants and fluorescence calculated via the integrated density function found in ImageJ. ****P < 0.0001. mRNA expression of collagen matrix genes in n ¼ 5-8 normal and n ¼ 6-12 PH lungs. Distal 5th-order PAs were dissected from normal (non-PH) human and end-stage PH lungs and mounted on a dual pin myography.
(G) Analysis of vasodilation or vasoconstriction of non-PH vessels to the indicated doses of acetylcholine (Ach), sodium nitroprusside (SNP), and phenylephrine (PE) is presented. Results are the mean 6 SD of n ¼ 4 vessels per treatment group. (H) Myography results of distal 5th-order PA from normal human lungs to a log dose of SNP 6 TSP1 (2.2 nM) 6 CD47 antibody (clone B6H12, 1 mg/ml) or ET-1 6 TSP1 (2.2 nM). Results are the mean 6 SD of n ¼ 3-5 vessels per treatment group, *P < 0.05. (I) Myography results of distal 5th-order PAs from end-stage PH lungs to a log dose of Ach and SNP 6 CD47 antibody (clone B6H12, 1 mg/ml). As absolute changes in pressure varied in each instance, representative graphs from n ¼ 2-5 separate experiments in each group are presented. *P < 0.05, ***P < 0.001.
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( Figure 3D ). In contrast, TSP1, ET-1, ETA, and ETB protein and TSP1, ET-1, and ETA, but not ETB, mRNA remained unchanged in lungs from chronically hypoxic CD47 À/À mice compared with normoxic controls ( Figure 3D) . Also, cMyc protein was significantly elevated in lungs from CD47 À/À mice compared with normoxic WT animals and remained ele- mice soluble ET-1 protein levels were increased to a less degree in response to chronic hypoxia ( Figure 3C) . Conversely, soluble ET-1 protein levels were comparable in lungs from normoxic WT and CD47
À/À mice ( Figure 3C ). Platelets are activated in and contribute to PH. 36, 37 They are also a source of TSP1 in the circulation. 38 It is not known if circulating TSP1 is elevated in PH. We analyzed platelet-poor plasma obtained from normoxic and chronically hypoxic mice. Plasma TSP1 levels were elevated in hypoxic WT mice, while in CD47 À/À animals, plasma TSP1 levels were lower compared with WT under normoxia and did not increase in response to chronic hypoxia ( Figure 3E ).
Having determined that TSP1, via CD47, promotes acute vascular dysfunction in human PAs, it was not clear if this effect would pertain in rodent vessels. We employed ex vivo myography to test the responses of murine WT PAs. Exogenous TSP1 (2.2 nM) inhibited endothelial and smooth muscle cell-mediated vasodilation in murine PAs ( Figure 3F) . The ability of TSP1 to acutely limit NO-mediated vasodilation in murine and human pulmonary arterial segments suggested that perhaps TSP1 potentiated vasoconstrictor activity. Interestingly, exogenous TSP1 increased the baseline tone of murine PAs while not significantly enhancing ET-1-mediated vasoconstriction ( Figure 3F ) implying TSP1 may have inherent vasoconstrictor activity.
TSP1
To better assess the molecular mechanism behind our findings in human and murine lungs and PAs, we undertook cell culture experiments. In gain-of-function studies we employed a fibroblast cell line (rat-1a fibroblasts) transfected with an estrogen receptor (ER)-dependent cMyc construct. 39 These cells express increased nuclear cMyc 40 and increased growth compared with cells carrying a non-functional cMyc construct. 39 Immunofluorescent imaging of rat-1a fibroblasts expressing the c-Myc/ ER fusion protein confirmed significant nuclear localization of cMyc ( Figure 4A and Supplementary material online, Figure 3A ). Densitometry analysis of Western blots (not shown) of cultured cells demonstrated increased total cMyc protein expression in rat-1a fibroblasts compared to control rat fibroblasts (0.416 6 0.059 versus 0.812 6 0.080, cMyc/bactin ratio of n ¼ 4 replicates in two separate experiments; P > 0.05 rat1a versus control rat fibroblasts). Cells treated with 4-OHT showed a decrease in ET-1 and ETA transcript levels while CD47 expression was unchanged ( Figure 4A) . To determine the genetic priority of CD47, we cultured pulmonary endothelial cells from WT and CD47 À/À mice. First, we confirmed the phenotype of our cell cultures using immunofluorescent staining for the endothelial proteins von Willebrand Factor (vWF) and CD31 (Supplementary material online, Figure 3B ). CD47 À/À pulmonary endothelial cells displayed increased cMyc and decreased ET-1 mRNA levels compared with WT cells ( Figure 4B ), whereas ETA mRNA did not differ significantly between cell types. ET-1 production by pulmonary arterial endothelial cells is increased in PH. 41 We exposed human pulmonary arterial endothelial cells (hPAEC) to hypoxia (FiO 2 1%, 24 h), which in these cells we reported increases TSP1 production, 9 in the presence or absence of a CD47 antagonist antibody (clone B6H12, 1 lg/ ml). hPAEC exposed to short-term hypoxia demonstrated induction of CD47, ET-1, and ETA transcript levels, and increased active (soluble) ET-1 protein, as determined via ELISA of cell culture supernatants ( Figure  4C) . Treatment of hPAEC with the CD47 antagonist antibody blocked hypoxia-mediated increases in ET-1 and ETA transcript and soluble ET-1 protein ( Figure 4C ), but not CD47 mRNA. Our finding of decreased CD47 mRNA in the face of CD47 protein accumulation in human PH PAs (see Figure 1C -E) suggested that changes in the rate of protein degradation contribute to CD47 accumulation in PH. hPAEC were challenged with normoxia or hypoxia (FiO 2 1%) 6 the protein synthesis inhibitor cycloheximide (100 lg/ml) for 24 h. Short-term hypoxia resulted in increased TSP1 and CD47 protein in hPAEC compared with normoxia, whereas treatment with cycloheximide resulted in decreased TSP1 and CD47 protein under both normoxia and hypoxia, suggesting that hypoxia-mediated accumulation of TSP1 and CD47 is independent of changes in degradation/stability (Supplementary material online, Figure 3C ).
In loss-of-function experiments, hPAEC were treated with cMyc targeting or control siRNA (CTRL). qPCR demonstrated $40% transcript suppression in cells treated with either 50 or 100 pmol of cMyc siRNA ( Figure 4D) indicating that a maximal effect was obtained with 50 pmol of 
) and CD47
À/À mice were exposed to normoxia (Nx) or hypoxia (Hx, FiO 2 10%, 3 weeks), and underwent (A, B) analysis of the indicated cardiopulmonary parameters and determination of the RV free wall weight and Fulton index. (C) Determination of the change in total body weight and tibia length of WT and CD47 À/À mice under normoxia and hypoxia. Data shown are mean 6 SD, n ¼ 4-6 animals per group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) Representative lung sections prepared from each treatment group were stained for a-smooth muscle actin (brown) and blinded quantitative analysis of vascular wall thickness was performed on vessels between 50 and 100 lm in cross-sectional diameter. Wall thickness was measured at four equally separate points around the circumference of each vessel. Scale bars 50 lm; original magnification Â10 (D) andÂ20 (E). Quantification is presented as mean 6 SD, n ¼ 4-5 tissue sections per treatment group, ****P < 0.0001. were challenged with normoxia (Nx) or short-term hypoxia (Hx) (10% FiO 2 , 24 h). Lung tissue lysates from WT and TSP1 À/À mice (n ¼ 3-5 per group) were prepared and protein separated via SDS-PAGE electrophoresis. Densitometry is presented as the mean ratio of target protein to a-tubulin 6 SD; **P < 0.01, ***P < 0.001, ****P < 0.0001. Whole lung mRNA expression of TSP1 and CD47 from Nx or acutely Hx WT, TSP1
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À/À
, and CD47 À/À mice. Data from n ¼ 3-5 mice per group are presented as mean 6 SD, **P < 0.01. (B) Age-matched male WT and CD47 À/À mice were challenged with Nx or chronic Hx (10% FiO 2 , 3 weeks). Lung tissue homogenates were prepared and protein separated by SDS-PAGE. Representative western immunoblots from treatment groups (n ¼ 5-12 per group) for indicated proteins are presented. Densitometry is presented as the mean ratio of target protein to b-actin 6 SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ET-1 levels in lung homogenates from WT and CD47 À/À mice under Nx or chronic Hx were measured by ELISA. Data are presented as mean 6 SD from n ¼ 4-8 samples per group, ***P < 0.001, ****P < 0.0001. (D) mRNA expression of TSP1, CD47, cMyc, ET-1, ETA, and ETB in whole lung homogenates. Data from n ¼ 6-8 mice per group are presented as mean 6 SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0. mice. mRNA expression for CD47, cMyc, and ET-1 was determined. Data from n ¼ 6 independent experiments are presented as mean6 SD, *P < 0.05, **P < 0.01, ****P < 0.0001. (C) Human pulmonary arterial endothelial cells (hPAEC) (passage 3-6) were cultured to 80% confluence then treated with normoxia (Nx), hypoxia (Hx, FiO 2 1%), or hypoxia þ CD47 blocking antibody (1 lg/ml) for 24 h. mRNA expression of CD47, ET-1, and ETA was determined. ET-1 level in cell culture supernatants was measured by ELISA. Representative data from four experiments are presented as mean6 SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) hPAEC were transfected with control (CTRL) or cMyc siRNA for 72 h and transcript levels of CD47, cMyc, ET-1, and ETA measured. ET-1 level in cell culture supernatants was measured by ELISA. Data are represented as mean6 SD from n ¼ 5 experiments; **P < 0.01, ***P < 0.001, ****P < 0.0001. (E) Human pulmonary vascular smooth muscle cells (hPVSMC) were subjected to Nx or Hx (FiO 2 1%, 24 h) and protein expression for TSP1 and cMyc determined. Representative blots are shown and data from n ¼ 4 independent experiments are presented as mean6 SD, *P < 0.05. (F) hPVSMC were subjected to Nx or Hx (FiO 2 1%, 24, 48, and 72 h) and mRNA transcript levels determined for TSP1, CD47, and ETA. Data from n ¼ 4-5 experiments are presented as mean6 SD, *P < 0.05 Nx versus Hx at indicated time point. (G) Pulmonary VSMC from WT, TSP1 À/À , and CD47 À/À mice were isolated and subjected to Nx or Hx (FiO 2 1%, 24 h). Cell lysate was prepared and protein and mRNA analysis performed.
Representative western immunoblots for the indicated proteins are shown. Densitometry from n ¼ 4 independent experiments for cMyc and n ¼ 4-5 independent experiments for TSP1 is presented as the mean ratio of target protein to tubulin6 SD, *P < 0.05, **P < 0.01, ****P < 0.0001. mRNA data are presented as the mean ratio of target protein to the housekeeping gene (6 SD), *P < 0.05 Nx versus Hx. (H) hPVMSC were incubated with ET-1 (1 lM) with or without a CD47 blocking antibody (clone B6H12, 1 lg/ml) for 24 h. Cell size was analyzed by FACS. Data from n ¼ 3-5 independent experiments are presented as mean6 SD, *P < 0.05, **P < 0.01.
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CD47 antibody (clone B6H12, 1 lg/ml) for 24 h and assessed changes in ET-1 mRNA. As predicted, treatment of hPAEC with cMyc siRNA significantly suppressed cMyc transcript compared with control siRNA treated cells and this was associated with a significant increase in ET-1 mRNA (Supplementary material online, Figure 3D ). Interestingly, in cMycdeficient cells additional treatment with a CD47 blocking antibody tended to decrease ET-1 mRNA compared with control siRNA treated cells, although results did not reach significance (Supplementary material online, Figure 3D ). Endothelial cell-derived ET-1 stimulates PA VSMC hypertrophy. 42 To test for possible auto-and/or paracrine signaling we assessed changes in relevant signaling intermediates in PA VSMC. Exposing human PA VSMC to short-term hypoxia (O 2 1%, 24 h) resulted in increased TSP1 and decreased cMyc protein expression ( Figure 4E) . At the transcriptional level, TSP1 increased following 72 h of hypoxia suggesting possible hypoxia-sensitive effects on TSP1 protein uptake and degradation. CD47 mRNA levels showed a transient decline at 24 h of hypoxia that recovered by 48 h, while ETA mRNA levels increased by 72 h ( Figure  4F ). To assess the genetic priory of these signaling mediators we cultured PA VSMC from WT, TSP1 À/À , and CD47 À/À mice and exposed the cells to short-term hypoxia (O 2 1%, 24 h). Immunofluorescent staining of murine PA VSMC cultures for myosin heavy chain (green) and dual color staining for SM22 alpha (red) and smooth muscle actin (green) validated culture purity (Supplementary material online, Figure 3E) . Similarly, increased prolyl hydroxylase 3 (PHD3) mRNA levels confirmed a robust hypoxic response in the cells ( Figure 4G ). TSP1 protein expression was elevated in hypoxic WT PA VSMC, whereas in CD47 À/À cells hypoxiamediated induction of TSP1 protein was absent ( Figure 4G) . Conversely, cMyc protein expression was increased in both normoxic and hypoxic TSP1 À/À and normoxic CD47 À/À PA VSMC compared with WT cells ( Figure 4G) . cMyc transcript levels tended to rise in normoxic and shortterm hypoxic CD47 À/À but not TSP1 À/À or WT cells, although these changes did not reach statistical significance (Supplementary material online, Figure 3F ). Furthermore, treatment of normoxic human PA VSMC with exogenous ET-1 protein stimulated cell hypertrophy, as quantified by FACS, and this was abrogated by pre-treating cells with the CD47 antagonist antibody (clone B6H12, 1 lg/ml) ( Figure 4H ).
RV TSP1-CD47 signaling is increased in experimental PH
In the setting of PH, concordant signaling between the lung and RV has been proposed. 43 However, it is unknown whether in the RV if TSP1
and CD47 are induced in PH. Western immunoblot analysis found increased expression of TSP1 and CD47 in RV samples from chronically hypoxic WT mice ( Figure 5A ), although here too hypoxia-mediated induction of TSP1 was absent in RV samples from CD47 À/À mice ( Figure   5A) . At the transcriptional level, TSP1 and CD47 mRNA were decreased and ET-1/ETA mRNA levels unchanged in WT RV samples from hypoxic mice compared with samples from normoxic WT mice ( Figure 5B ). TSP1 mRNA levels were lower in RV samples from normoxic and hypoxic CD47 À/À mice compared with normoxic WT samples, while CD47 mRNA levels were lower in RV samples from CD47 À/À mice under normoxia and hypoxia compared with WT ( Figure 5B ). This is in distinction to changes in TSP1 and CD47 mRNA found in hypoxic lungs (see Figure  3D) . However, paralleling results from lung samples, cMyc transcript was upregulated in both normoxia and after chronic hypoxia in CD47
À/À compared with WT RV samples ( Figure 5B) . In clinical PH, RV heart failure is associated with increased RV matrix accumulation. 44, 45 Interestingly, collagen expression was comparable between WT and CD47 À/À RV samples following chronic hypoxia ( Figure 5C ). This is in distinction to our previous finding that following chronic cardiac stress induced by partial transverse aortic constriction left ventricle samples from CD47 À/À mice displayed less fibrosis compared with samples from WT mice. 46 3.6 Disrupting TSP1-CD47 signaling induces pulmonary cMyc and mitigates some cardiopulmonary effects in established PH
Animal and rodent and human cell culture experiments place TSP1 and CD47 upstream of cMyc-ET-1/ETA in promoting PH and vascular dysfunction. To further examine the generality of this signaling cascade, we assessed rat PAs ex vivo via myography. Similar to results in human and murine pulmonary vessels, rat PAs treated with TSP1 (2.2 nM) displayed an enhanced vasoconstrictor response ( Figure 6A ), while treatment with TSP1 or with a TSP1-derived peptide that selectively activates CD47 (peptide 7N3, 10 lM) inhibited Ach-and SNP-mediated vasodilation, respectively ( Figure 6A ).
To further confirm our findings, we treated rats (CD47 þ/þ ) with mct (50 mg/kg) to induce PH. Two weeks after mct-challenge, animals were treated with a CD47 antagonist antibody (clone OX101
47
) and 2 weeks later cardiopulmonary phenotyping was performed. Animals treated with mct alone showed upregulation of pulmonary TSP1 protein while ET-1 and ETA protein levels increased but did not reach statistical significance ( Figure 6B and C) . Mct treatment also resulted in significant increases in TSP1 and ETA but not ET-1 and cMyc mRNA ( Figure 6D) . Conversely, animals treated with mct followed by a CD47 antagonist antibody showed increased pulmonary cMyc transcript expression ( Figure 6D) , with protein levels trending up but not reaching significance ( Figure 6B ), while ETA mRNA was not significantly elevated ( Figure 6D) . From a therapeutic perspective, mct and CD47 antibody treated animals displayed less increase in RV-free wall weight compared with animals given mct alone. The Fulton index was elevated in rats after mct treatment and although trending lower in animals receiving mct and the CD47 antagonist antibody did not achieve significance ( Figure 6E) . Further, mct treatment significantly lowered the contractility index, something not seen in animals that also received a CD47 antibody ( Figure 6F) . Finally, heart rates were not significantly different in any treatment groups ( Figure 6F ).
Discussion
Increased TSP1-CD47 signaling is associated with pulmonary vasculopathy in clinical PH
We reported increased TSP1 protein expression in lung parenchyma from a small group of pulmonary arterial hypertension (PAH) patients. 9, 10 Nonetheless, it was unknown if expression in the lung parenchyma had pathophysiologic significance in the broader world of PH. We now confirm that the TSP1 is significantly induced at the level of protein and transcript in lung parenchyma but, more importantly, show widespread induction of both TSP1 and CD47 protein and mRNA in distal PAs in a large cohort of PH patients. As emphasized by ex vivo myography, the upregulation of the TSP1-CD47 axis in human PAs was of functional consequence as it was associated with vascular remodeling 
and a significant loss of vasodilation capacity in diseased human PAs. Conversely, adding TSP1 to healthy human PAs recapitulated the lossof-function observed in the diseased PH vessels. Translating these results, studies in PAs from end-stage PH lungs showed that interrupting the TSP1-CD47 signaling axis with a CD47 antagonist antibody, that we have reported blocks ligand-receptor interaction, 13 improved arterial sensitivity to vasodilators. Finally, logistic regression analysis found a significant positive correlation between upregulation of vascular TSP1 signaling and PH. Thus, this study identifies the TSP1-CD47 axis as a novel maladaptive mechanism that promotes human PH-associated vasculopathy and dysfunction. These data also are the first to show in real-time that therapeutic targeting of CD47 can improve the vascular response of diseased human vessels. In contrast to these data, a small cohort of familial PAH patients were found to have TSP1 mutations while cells treated with recombinant putatively mutant TSP1 protein responded less as compared to cells treated with native TSP1. 48 Of note, the identified TSP1 mutations reported in this study all localized to the type I repeat domain of TSP1, 48 and this region preferentially binds to cell receptor CD36. 49 However, the implications of this remain to be determined given that studies indicate that CD47 is the cognate high affinity TSP1 receptor 13 and that, as we reported, CD47 is necessary for TSP1 to inhibit NO signaling via CD36. 16 
Absence of CD47 confers protection from chronic hypoxia
TSP1 is upregulated in hypoxic mice [9] [10] [11] 50 and mct-treated rats 51 while TSP1 À/À mice are protected from PH. 9, 11 Extending this work we found that hypoxic CD47 À/À mice had less pulmonary arterial smooth muscle cell proliferation, RV hypertrophy and elevation in RV pressure compared with WT controls. Thus in mice, absence of either the ligand (TSP1) 9 or of the cognate receptor (CD47) 13 provides protection from hypoxia-mediated PH. These new data, when considered along with our previous report that TSP1-CD47 signaling promoted left ventricular dysfunction, 46 suggest that the TSP1-CD47 axis may have a role in both right and left heart homeostasis. Of note, mice lacking TSP1 have a greater capillary density in the heart 52 and enhanced VEGF signaling, 53 whereas TSP1 via inhibition of NO can alter certain proteases. 54 Although not assessed in this study, increased cardiac and potentially pulmonary vascularity, VEGF signaling and/or altered protease activity, if present in CD47 À/À animals, might provide a protective advantage under hypoxia-mediated PH irrespective of effects on other downstream targets. Recently, we identified a role for TSP1 as an activator of NADPH oxidase in systemic arterial vascular smooth muscle cells 55 and several studies have suggested TSP1 can enhance reactive oxygen species production to putatively contribute to PH. 9, 50 The role of ROS was not specifically interrogated in our experiments but could contribute to TSP1-mediated pulmonary vascular dysfunction and remodeling. Ongoing studies in rodent and human vessels and lungs will seek to address the relative contribution of TSP1 to pathologic ROS in the setting of PH.
TSP1-CD47 signaling limits cMyc to derepress pulmonary ET-1
Previously, we noted in CD47 À/À mice that cMyc expression 56, 57 was increased and ET-1 expression decreased. 20 We now demonstrate a protective role for cMyc, via suppression of ET-1, in PH. In hypoxic WT mice, upregulated TSP1-CD47 signaling decreased pulmonary cMyc leading to elevation in ET-1/ETA and this was associated with pulmonary and RV pathology. Conversely, in the absence of TSP1-CD47, as seen in hypoxic CD47 À/À mice, cMyc is upregulated, ET-1/ETA inhibited and PH attenuated. Signal transduction studies in pulmonary vascular cells confirmed that TSP1-CD47 limited cMyc, while cMyc functioned to inhibit ET-1/ETA (see signaling schematic, Figure 7) . In contrast, we did not find a significant elevation in ET-1 protein levels in 5th-order PAs from human PH lungs although there was a trend in this direction. Heterogeneity in the clinical cohort is one of several possible reasons our human data did not completely mirror changes found in cell culture and in genetically similar rodents. Although ET-1 is an identified contributor to PH 58 and a therapeutic target for the same, 59 this is the first study to show that the matricellular protein TSP1, via CD47, is a proximate regulator of ET-1 signaling. It will be important to determine if therapeutics targeting TSP1-CD47 axis can suppresses ET-1 signaling to the same or greater degree as current ET-1 receptor blocking agents. 60 In view of the beneficial effects disrupting TSP1-CD47 signaling has upon vascular NO signaling, it is attractive to speculate that a CD47 targeting agent would intersect several pathways in PH for additive therapeutic benefit. cMyc is little studied in the lung although a link with KRAS-mediated tumor survival has been proposed, 61 while outside of the lung cMyc 
Limitations of the data
This study has a number of limitations. First, use of the chronic hypoxia mouse and the monocrotaline rat models of PH could be considered a limitation. In relation to clinical PH, defined as a resting mean pulmonary artery pressure !25 mmHg with rarefication and remodeling of the pulmonary vasculature and eventual RV failure, 65 rodent PH models do not recapitulate human disease. Specifically, animals fail to show several of the changes found in human PH lungs including plexiform vascular lesions and do not develop fatal RV heart failure, while the cardiovascular pathology corrects with removal of the stress or with therapy (reviewed in Stenmark et al. 66 and Maarman et al.
67
). More recently, the Sugen/ hypoxia rodent model has gained popularity as it captures some of the pathologic lung changes that are reminiscent of human disease and shows less recidivism and more stable disease with exposure to normoxia. 68, 69 Indeed, there remains ongoing debate as to the relevance of experimental rodent models for clinical PH. 67, 70 Nonetheless, the two rodent models employed in this study have proven useful in providing understanding into the nature of PH, and along with ex vivo functional studies of pulmonary vessels from these species, provide crossvalidation of the observations from human PH lungs and confirm the importance of the TSP1-CD47 signaling mechanism in functional human PA studies. Second, as TSP1 interacts with other cell membrane receptors including, as we have shown, CD36 71 and SIRP-a, 21 it remains to be determined if blocking CD47 in TSP1 À/À mice confers further advantages under chronic hypoxia. Further, CD47 antibody-treated rats achieved only partial correction of mct-driven cardiac changes. It is possible that extended treatment would more completely resolve pathologic changes. Finally, a recent report noted a negative association between elevated cMyc and ET-1 mRNA in pulmonary smooth muscle cells from three patients with PAH. 72 Although studies herein indicate a role for cMyc as a constitutive inhibitor of pulmonary ET-1/ETA in pre-clinical PH and in rodent and human pulmonary vascular cells, this remains to be confirmed in human disease.
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